A coupled mathematical model of microsegregation and inclusion precipitation during solidification is established. The model can be used to calculate the kind of precipitated inclusion, the amount of inclusion precipitation and the growth of inclusion during solidification. The calculation by this model shows that the segregation degree of solute elements is suppressed greatly due to the precipitation of inclusions during solidification. A non-coupled model will overestimate the segregation degree and the amount of inclusion precipitation and even give a wrong prediction for the kind of the inclusions. In this paper, the effects of cooling rate on the precipitation and growth of oxides are also discussed.
Introduction
The non-metallic inclusions in steel mainly precipitate during deoxidation and solidification, and steel properties are strongly effected by them. Many studies [1] [2] [3] were reported about the precipitation, cohesion and remove of inclusions during deoxidation. Recently, due to the development of Oxide Metallurgy Technology, some projects [4] [5] [6] have been developed to study the behavior of inclusion precipitation during solidification. At the same time, the fine inclusions, which mostly precipitate during solidification, are the most harmful inclusions to magnetic properties of silicon steel.
Many experiments and mathematical models [7] [8] [9] [10] of microsegregation and/or inclusion precipitation were reported. But in these models, the microsegregation of solute elements and inclusion precipitation were calculated separately, which could overestimate the segregation degree and the amount of precipitated inclusion.
In this paper, a mathematical model of inclusion precipitation during solidification is presented based on Y. Ueshima's microsegregation model. [10] [11] [12] The coupled calculation of microsegregation of solute elements and inclusion precipitation is carried out and the precipitation of oxides and sulfides calculated simultaneously in this model. The microsegregation degrees of solute elements are compared with coupled and non-coupled model. The effects of cooling rate on the precipitation and growth of oxide are also discussed in this paper. The calculated results are more suited to actual situation and agree well with the experiment results and data reported.
Mathematical Model

Previous Work
The classical treatment of inclusion precipitation during solidification is the juxtaposition of microsegregation equations with a liquid metal-inclusions equilibrium model. But in the reported studies the simultaneous phenomenon, solute microsegregation/reditribution and inclusion precipitation, were calculated separately or successively.
In these studies, the concentrations of solute elements (for example, C But some theoretical problems still remain. The simultaneous phenomenon are divided into two steps artificially in these studies: first, distribution of solute elements; second, inclusion precipitation. Calculation like these studies may overestimate the microsegregation degree of solute elements and the amount of precipitated inclusion and even give a wrong prediction for the kind of the precipitates.
Microsegregation Model
Y. Ueshima's model is used to calculate microsegregation of solute elements in molten and solid steels during solidification in this paper. The model takes into account a partial diffusion of alloying elements in solid phase and is based on the following assumptions: (1) The geometry of the solid/liquid interface is plane. ( 2) The calculation domain corresponds to the half secondary dendrite spacing as shown in Fig. 1 .
The temperature is uniform in the space element. (4) The density of the liquid is equal to that of the solid. (5) The composition of the liquid is uniform and at the solid/liquid interface the distribution of the solute elements between liquid and solid is described with their partition coefficient. (6) A parabolic growth rate is assumed.
The above assumptions are reasonable over a wide range of casting conditions.
One-dimensional diffusion of seven elements (C, Si, Mn, P, S, Al, and O) is calculated by using different diffusion coefficients in solid phase.
The calculation is carried out by the direct finite difference method. Half area of the secondary dendrite spacing is divided into N nodes as shown in Fig. 2 .
At time t, (6) where, and f t s is the solid fraction at time t, L is the secondary dendrite spacing, t s is the local solidification time.
The studied silicon steel in this paper has a composition of 0.04% C, 3.0% Si, 0.058% Mn, 0.01% P, 0.022% S, 0.0022 % Al and 0.0010 % O. According to Fe-Si phase diagram, there is no d/g transformation from liquid to solid if the composition of carbon is less than 0.1 % in silicon steel. The liquidus and solidus temperature can be calculated using the following relationships.
12)
The temperature at solid fraction f S during solidification, T, is given as Eq. (7). 9) ...................... (7) Where T 0 , T L and T S represent the melting point of pure iron, liquidus and solidus temperature of steel studied respectively.
The secondary dendrite arm spacing can be calculated from Eq. (8). The local solidification time is equal to (T L ϪT S )/R C and the equilibrium distribution coefficients and diffusion coefficients of solutes in solid are given in Table 1 , where R C is the cooling rate of steel. Then the segregation of solute elements in molten and solid steel during solidification can be calculated with the above equations.
Inclusion Precipitation
It is assumed that the oxides are uniformly dispersed in the specimen. In molten steel, due to the enrichment of solute elements during solidification, new non-metallic inclusions precipitate and grow when the solute elements exceed the equilibrium value.
The precipitation of inclusion, taking MnS as an example, starts immediately after the product of Mn and S contents in solution reaches the equilibrium solubility limit in each phase. Between inclusions and iron, these two phases are in equilibrium. That is, the following reactions reach equilibrium. 4, 10) Liquid:
MnϩSϭ ( Where Cin is the consumption of solute elements (for example, Mn or S) due to inclusion precipitation from time tϪdt to time t during solidification. From time tϪdt to time t, nodal i solidifies. During this period, the consumption of solute elements due to inclusion precipitation in nodal i is assumed to be equal to that in the molten steel in the present model.
At the same time, in molten steel, Based on E. T. Turkdogan's data, 14) Eq. (14) was induced to calculate the value of f S Si for the mass concentration of silicon above 1 %. The data used in the thermodynamic calculation are listed in Table 2 . 9, 15) Combining Eqs. (1)-(6) and (9)- (14) , the concentration of each solute element and the amount of precipitated MnS can be calculated during solidification. The precipitation of oxides are treated just in the same manner as the precipitation of MnS from molten steel, and the concentration of oxygen in molten steel is assumed to be in equilibrium with the strong deoxidizer. That means, for example, when the reaction between SiO 2 and Al 2 O 3 occurs, mullite (3Al 2 O 3 · 2 SiO 2 ) precipitates and oxygen is in equilibrium with both Al and Si at the same time in molten steel. In that case, the concentration of oxygen in equilibrium with both Al and Si must be less than that in equilibrium with Al or Si respectively.
Flow Chart of the Present Model
The flow chart of the present model is shown in Fig. 3 . Both precipitation of oxides and sulfides from molten steel are taken into account in the present model.
Results and Discussion
The Precipitation of Inclusions during Solidification
The steel which was studied by M. Wintz et al. 16) is taken as an example for the application of the above model, which has a composition of 1.00 % C, 1.50 % Cr, 0.36 % Mn, 0.27% Si, 0.018% S and 0.019% P in mass%. Figure  4 shows a good consistency of manganese content in inter- Table 1 . Equilibrium distribution coefficients and diffusion coefficients of solutes in iron. Table 2 . Activity interaction parameters at 1 873 K. 9, 15) dendritic liquid during solidification between computed by the present model and measured by M. Wintz et al. It is shown that the manganese content decrease after the sulfides begin to precipitate, which means that the amount of manganese consumption for sulfides precipitation is larger than the amount of manganese rejected from the solidifying metal.
Without considering the effect of oxides on the precipitation of sulfides, the precipitation of oxides and sulfides of studied steel is shown in Fig. 5 . Figure 5 shows that mullite starts to precipitate at the beginning of the solidification and sulfide precipitate at the end of the solidification of studied steel.
Z. Ma 9) calculated the growth of oxides during solidification using Eq. (15), which is based on the following oxygen mass balance in a volume element at any time. In the present paper, the equation of Z. Ma is modified by taking into account of the amount of oxygen in solid steel. The growth of oxides calculated with Z. Ma's model and the present model is shown in Fig. 6 . It is clear that value calculated with the present model is less than that with Z. Ma's model and is more suited to the actual situation.
Effect of Inclusion Precipitation on the Microsegregation of Solute Elememts
The microsegregation ratio (R C l /C 0 ) of Al, Si and O during solidification calculated with the present coupled model and non-coupled model are compared in Fig. 7 . It is clearly shown that the microsegregation of Al and O is greatly suppressed due to the oxide precipitation. At the end of solidification, the value of R for Al is 1.5 and 2.1, calculated by coupled and non-coupled model respectively. For O, 1.0 and 33 respectively.
Because the concentration of Si in studied steel is very high and the equilibrium distribution coefficient of Si (k Si ) is small, the difference of microsegregation ratio between calculated with two models is small. It is also clear that the non-coupled model will overestimate the segregation degree and the amount of inclusion precipitation and even give a wrong prediction on the kind of the inclusions.
Effect of Cooling Rates on the Precipitation and
Growth of Inclusion during Solidification The effect of cooling rates on the precipitation and growth of inclusion during solidification is shown in Fig. 8 . According to T. Emi's 17) and H. Goto's 18) report, the oxides inclusion number is about 10 8 per cm 3 in clean steel and the number of oxides increases with the increasing cooling rate. Thus, the inclusion number is assumed to be 10 7 cm Ϫ3 , 10 8 cm Ϫ3 and 10 9 cm Ϫ3 corresponding to cooling rate of 10 K/min, 100 K/min and 500 K/min respectively.
It is clearly shown that the radius of oxides is greatly affected by the cooling rate. At a low cooling rate of 10 K/min, the oxides, with initial radius of 0 mm, 1 mm, 3 mm and 5 mm, will reach 6.51 mm, 6.63 mm, 6.72 mm and 7.38 mm respectively at the end of solidification. While at a high cooling rate of 500 K/min, the change of oxides radius is small, especially for oxides with initial radius of 3 mm and 5 mm. For silicon steel, adopting a low cooling rate will reduce the number of inclusion nucleus and promote the inclusion growth, which is helpful to improve the magnetic properties.
Conclusions
A mathematical model for the solidification of silicon steel is presented. In the model the calculation of microsegregation of solute elements is coupled with the precipitation of inclusions, and the precipitation of oxides and sulfides can be calculated simultaneously.
The calculation by the present model shows that the segregation degree of solute elements is suppressed greatly due to the precipitation of inclusions during solidification. For silicon steel, the segregation ratio for Al calculated with coupled and non-coupled model is 1.5 and 2.1 respectively. For oxygen, 1.0 and 33 respectively. A non-coupled model may overestimate the segregation degree and the amount of inclusion precipitation and even give a wrong prediction on the kind of the inclusions. For the studied silicon steel, the precipitate is mullite. But MnO can not precipitate due to high concentration of silicon in steel. The precipitation and growth of oxides are greatly affected by the cooling rate. A low cooling rate is helpful to reduce inclusion number, promote inclusion growth and improve magnetic properties of silicon steel.
